The chemical and petrochemical industries produce wastewaters containing ammonium and phenolic compounds. Biological treatment of these wastewaters could be problematic due to the possible inhibitory effects exerted by phenolic compounds. The feasibility of performing simultaneous nitritation and p-nitrophenol (PNP) biodegradation using a continuous aerobic granular reactor was evaluated. A nitrifying granular sludge was bioaugmented with a PNP-degrading floccular sludge, while PNP was progressively added to the feed containing a high ammonium concentration.
Introduction
Currently, biological nitrogen removal via nitrite route is considered as the technology with the cheapest costs and the lowest environmental foot-print for treating 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 Besides, the development and maturation of aerobic granules is performed, in general, in sequencing batch reactors (SBR) where high hydrodynamic stress is applied to form and to maintain the granules (Gao et al., 2011) . Nevertheless, conventional batch operation is not advisable for treatment of phenolic compounds that usually exhibit inhibition by substrate (Martín-Hernández et al., 2009). To solve this problem, continuous operation could be a suitable option, since the concentration of the recalcitrant compounds in the reactor is expected to be low due to the high removal efficiency, reducing their toxic effect in the reactor. This high removal efficiency could be attained from the beginning of the operation by performing a controlled enrichment of the specific degrading biomass, i.e. by feeding this kind of compounds progressively during the start-up (Martín-Hernández et al., 2009).
In this sense, the development of a biological treatment dealing simultaneously with phenols and ammonium-rich wastewaters is of paramount importance.
In this study, p-nitrophenol (PNP) was selected as model compound of the nitrophenols family that are widely used, as reflected by their inclusion in the list of High Volume Production Chemicals (OECD, 2008) . So that, the simultaneous nitritation and PNP removal using a continuous aerobic-granular airlift-reactor is investigated and evaluated for the treatment of an industrial wastewater containing PNP and a high concentration of ammonium . Granular biomass was characterized in terms of size, density, sludge volumetric index, settling velocity and contents of exopolymeric substances (EPS). Fluorescence in-situ hybridization (FISH) coupled with confocal laser scanning microscopy (CLSM) was also performed for identification and quantification of the predominant bacteria species and to determine their spatial arrangement in the granules. 
Wastewater composition
The airlift reactor was fed with synthetic wastewater containing 3.6 g L -1 NH 4 Cl (950 ± 25 mg N-NH 4 + L -1 ) and the following compounds and micronutrients 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 This feeding strategy was selected by two reasons: (i) the progressive increase of PNP should allow to ease biodegradation and to promote the growth of specific PNPdegrading bacteria into the granules, and (ii) the AOB inhibition/toxicity by PNP should be minimized. p-Nitrophenol (granular solid form, purity 99%) and ammonium chloride (purity 99.5%) were employed and supplied by Panreac (Spain) and Carl Roth (Germany), 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 respectively. All the chemicals and other reagents were purchased from Sigma-Aldrich (Spain) and the highest purities available were employed. Eq. (1) where r is the PNP degradation rate (g PNP L
In order to determine the K O PNP , a respirometric experiment was carried out following the procedure proposed by Guisasola et al. (2005) . In brief, the procedure for The AOB inhibition by PNP was modelled as a non-competitive inhibition as follows:
Eq. (4) where [PNP] is the PNP concentration (mg L -1 ) and K I PNP,AOB is the AOB inhibition coefficient for PNP (mg L -1 ).
All parameters were estimated using MATLAB 7.5 (The Mathworks, Natick, MA, USA). The differential equation was solved using an explicit Runge-Kutta formula.
Parameter estimation was carried out by using the Nelder-Mead Simplex search method. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 In the first period, the reactor was performing stable nitritation with an average of 62 % of ammonium oxidation and less than 0.2 % of nitrate in the effluent with a DO concentration in the bulk liquid of 1± 0.5 mg O 2 L -1 (Figure 1 .B). However, PNP 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 On Figure 1 .C, it can be seen that PNP was accumulated during the first 7 days up to 5 mg L -1 . On believe that PNP-degraders bioaugmented on day 0 were washed-out from the system, a new bioaugmentation event on the day 7 was performed resulting in total PNP biodegradation. However, on day 14 PNP was again accumulated to 4 mg L . The same can be described for PNP degradation, from day 60 to 180, PNP was cyclically accumulated. Consequently, the reactor performance until day 180 did not allow to distinguish which of these two hypotheses was correct.
To deepen the understanding of the process and to be able to discern between both hypotheses, two different respirometric experiments were carried out: (i) to determine 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 value for AOB embedded in granules should be higher than the determined in this study for an AOB floccular sludge. Moreover, after 185 days of operation one might expect that the AOB were acclimated to the presence of PNP, this would also contribute to increase the apparent K I PNP,AOB value of this AOB population compared to an AOB floccular sludge that has never been exposed to PNP.
To assess the second hypothesis, i.e. to establish whether AOB was outcompeting PNP degraders at the DO concentration imposed in the reactor, K O PNP was determined 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 through a specific respirometric test (Figure 2 (Figure 3 .B). Only SVI 5 was depicted in Figure 3 .B since SVI 30 values were identical to SVI 5 values throughout the whole operational period, and consequently the SVI 30 /SVI 5 ratio was always one.
Characteristics of the granular biomass and identification of dominant species in the granules
Granule size, biomass density and settling velocity were not significantly affected throughout the operational period (Figures 3.B and 3 .C). The biomass density decreased during the first 100 days of operation from 390 g VSS L particle -1 until a stable value of 210 g VSS L particle -1 . This could be explained by the development and attachment of heterotrophic biomass able to degrade PNP in the form of filamentous structures that inevitably will decrease the compactness of granular biomass (see section 3.2). All the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 parameters were in the range expected for granular sludge, according the review performed by Gao et al. (2011) .
EPS content in granules was unchanged during the first 100 days of operation (Table 1) . However, a slight increase was observed at the end of the reactor operation.
An increase of EPS concentration in this period could be linked to: i) the increase in DO concentration through an increase in the airflow-rate applied to the reactor and consequently, higher shear stress conditions were applied to the granules and ii) the increase in the applied loading rate. Both actions could stimulate the microbial activity and thus, increase production of EPS (Tay et al., 2001a) . In general, higher concentrations of PS than PN were observed during the operational period ( Table 1) .
The high PS content in EPS was also reported in several studies with nitrifying granules whereas βAOB tends to locate in the inner layers of the granule (Figure 4 .B) and
Nitrobacter sp. is almost undetectable (Figure 4 .C). As in Figure S4 , some filaments are also visible in Figure 4 . These results confirm not only the development of the specific heterotrophic bacteria for PNP biodegradation, but a microbial stratification in the aerobic granules following different metabolic activities. This stratification is probably the key for understanding the high capacity of the AOB population in the granules to bear significant PNP concentrations in the bulk liquid. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19
Practical implications of this study
The results show that a continuous biological treatment dealing simultaneously with pnitrophenol removal and nitritation of ammonium-rich wastewaters is feasible by using aerobic granules. However, for achieving complete nitrogen removal a following step must be coupled to this reactor, which could be done either through heterotrophic denitrification or using anammox bacteria.
There is no doubt that the cheapest process, from both the economical and the environmental point of view, will be partial nitritation plus anammox. However, the complexity of real industrial wastewaters is a tremendous challenge and sometimes an obstacle for the anammox process due to the inhibition of the anammox bacteria by several pollutants (Jin et al., 2013) .
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